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HIGHLIGHTS 


•  ASRs  of  components  inside  stack  were  quantitatively  measured. 

•  ASRs  of  cell  and  cathodic  contact  account  for  near  100%  of  that  of  the  overall  stack. 

•  Increasing  cell  ASR  was  the  main  reason  for  stack  degradation  as  cathode  contacted  well. 

•  Anodic  contact  cannot  be  ignored  for  stack  degradation. 
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This  study  detects  the  resistance  that  influences  the  stack  performance  of  SOFCs  with  composition  of  Ni- 
YSZ/YSZ/LSC-YSZ  and  investigates  the  variation  patterns  of  the  resistances  of  the  stack  repeating  unit 
(SRU)  during  operation  and  their  quantitative  contributions  to  its  performance  at  700  °C,  750  °C  and 
800  °C.  The  results  indicate  that  when  the  cell  cathode  contacts  the  interconnect  well,  the  cell  resistance 
accounts  for  70.1-79.7%  of  that  of  the  SRU,  and  the  contact  resistance  (CR)  between  the  cathode  current¬ 
collecting  layer  (CCCL)  and  the  interconnect  accounts  for  20.0-28.9%.  The  CR  between  the  anode  current¬ 
collecting  layer  (ACCL)  and  the  interconnect  together  with  the  resistance  of  the  interconnect  can  be 
neglected  during  instantaneous  I—  V  testing.  When  the  stack  is  discharged  at  constant  current  for  600  h, 
cell  resistance  increases  by  28.3%,  accounting  for  93.3%  of  the  SRU  degradation,  the  anodic  CR  increases 
by  36.4%,  accounting  for  6.7%  of  the  SRU  degradation,  and  the  resistances  of  the  cathode  contact  and  its 
neighbor  interconnect  remain  unchanged.  Therefore,  the  increase  of  the  cell  resistance  is  the  main 
reason  causing  the  SRU  degradation,  and  the  anodic  contact  is  also  an  influencing  factor  that  cannot  be 
neglected  during  stable  operation. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  highly  efficient  energy  trans¬ 
formation  device.  In  order  to  obtain  applicable  electric  power, 
multiple  unit  cells  (UCs)  with  limited  voltage  need  to  be  connected 
in  series  to  form  a  stack  [1].  In  order  to  satisfy  the  requirement  of 
commercial  application,  the  SOFC  stack  should  not  only  have  high 
output  power,  but  also  satisfy  the  requirement  of  an  operation  time 
of  over  40,000  h  [2].  Therefore,  the  stable  operation  of  stacks  is  a 
premise  for  the  commercialization  of  SOFCs.  There  have  been 
numerous  studies  on  the  causes  of  the  stack  degradation.  The 
causes  influencing  the  operating  stability  of  the  stacks  include 
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sealing,  stack  components  and  the  interfacial  contact  between  the 
components  [3-7].  If  a  stack  is  not  properly  sealed  and  gas  leakage 
exists,  the  voltage  will  drop  down  during  the  operation  of  the  stack, 
resulting  in  serious  degradation  of  the  stack  performance  [8,9,10]. 
According  to  the  structure  of  SOFC  stack  [11],  the  component  re¬ 
sistances  of  the  stack  are  mainly  from  the  cells  and  the  in¬ 
terconnects.  The  interfacial  resistance  between  the  components 
comes  from  the  interfacial  contact  between  the  anode  and  the 
interconnect  and  between  the  cathode  and  the  interconnect.  Thus, 
the  increase  of  the  cell  resistance  and  the  interfacial  contact  re¬ 
sistances  (CRs)  between  its  components  can  also  cause  the  stack 
degradation.  Therefore,  in  order  to  decrease  the  stack  degradation 
and  to  increase  its  service  life,  researchers  focus  on  the  develop¬ 
ment  of  sealing  materials  [12,13],  improvement  of  the  cell  perfor¬ 
mance  [14,15],  and  the  protective  treatment  of  the  interconnect 
[16—18].  However,  even  with  excellent  sealing  performance  and 
acceptable  oxidation  resistance  of  the  interconnect  at  high 
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temperature,  the  stack  degradation  reported  in  literature  are  still 
high,  with  some  of  them  reaching  10%/1000  h  [19,20].  In  this  re¬ 
gard,  researches  revealed  that  the  interfacial  contact  was  also  an 
important  factor  influencing  the  stack  degradation  [21].  Therefore, 
by  improving  the  interfacial  contact,  the  stack  degradation  can  be 
further  reduced  to  approximately  2%/1000  h  [22,23],  which,  how¬ 
ever,  is  still  high  and  cannot  satisfy  the  requirements  of  commer¬ 
cialization.  Therefore,  further  reduction  of  the  stack  degradation 
rate  to  the  requirements  of  commercialization  is  an  urgent  problem 
that  needs  to  be  solved. 

In  this  regard,  the  resistance  sources  of  the  stack  under  the 
condition  of  excellent  sealing  performance  and  proper  interfacial 
contact  between  components  should  be  clarified  (the  variation  of 
the  component  resistance  in  stack  operation),  for  the  purpose  of 
further  countermeasures.  Researchers  [24,25]  measured  the  resis¬ 
tance  of  the  interconnects  with  protective  coating  under  stack 
operation.  The  results  indicated  that  the  high-temperature  resis¬ 
tance  of  the  corresponding  interconnects  is  stable  under  the 
working  temperature  of  SOFC.  It  seemingly  did  not  influence  the 
stack  performance  in  the  operation  time.  Therefore,  the  concerns 
gradually  turned  to  the  factors  other  than  the  interconnects  in  the 
stack,  such  as  the  interfacial  contact  21,22,26-29].  In  2006,  K.  A. 
Nielsen  [26]  et  al.  measured  quantitatively  the  interfacial  CR  during 
the  stack  operation.  The  results  indicated  that  within  the  operation 
time  of  1200  h,  the  interfacial  CR  between  the  interconnect  and  the 
CCCL  increased  continuously;  the  interfacial  CR  between  the 
interconnect  and  the  ACCL  first  decreased  and  then  increased.  The 
study  reported  the  quantitative  results  of  the  interfacial  CR  under 
stable  operation  of  the  stack.  However,  the  quantitative  contribu¬ 
tion  of  the  interfacial  CR  to  the  stack  performance  was  not  obtained. 
Therefore,  it  is  difficult  to  determine  the  role  and  effects  of  the 
interfacial  contact  in  the  complicated  environment  of  stack  oper¬ 
ation.  In  this  regard,  our  research  group  conducted  extensive  in¬ 
vestigations  on  the  factors  which  influence  the  stack  performance 
at  the  early  stage.  Our  results  indicated  that  the  interfacial  contact 
between  the  interconnect  and  the  cell  cathode  was  the  most 
important  factor  influencing  the  stack  performance  [21,22,30]. 
However,  the  quantitative  contribution  of  the  interfacial  contact  to 
the  stack  performance  was  not  found,  either,  especially  the  quan¬ 
titative  variation  patterns  of  the  interfacial  CR  during  the  stack 
operation.  Recently,  researchers  [27,28]  measured  the  variation 
patterns  of  the  interfacial  CR  between  the  interconnect  and  the 
cathode.  The  results  indicated  that  the  interfacial  CR  was  closely 
related  to  external  pressure  and  varied  with  the  variation  of  tem¬ 
perature.  It  provided  a  reference  in  taking  measures  to  decrease  the 
interfacial  CR,  but  still  did  not  report  the  quantitative  relationship 
between  the  interfacial  CR  and  the  stack  performance.  Neither  was 
the  variation  of  interfacial  CR  under  stable  operation  conditions  in 
long  term  involved.  The  operation  environment  of  a  stack  is 
complicated,  with  numerous  factors  influencing  its  performance, 
including  the  interconnect,  the  interfacial  contact  and  the  cell  itself 
[30-32].  For  example,  H.  T.  Lim  [30]  et  al.  investigated  the  cell 
degradation  of  an  anode-supported  SOFC.  Their  results  indicated 
that  the  increase  of  resistance  was  an  essential  cause  of  the  cell 
degradation.  However,  their  study  was  limited  to  the  cell  itself, 
without  concerning  the  correlation  between  the  cell  performance 
and  the  stack  performance.  Therefore,  despite  numerous  studies  on 
the  factors  influencing  the  stack  performance,  the  factors  investi¬ 
gated  in  the  studies  are  similar.  In  addition,  quantitative  investi¬ 
gation  on  the  correlation  between  various  factors  and  the  stack 
performance  during  its  operation  are  still  lacked.  This  study 
assembled  stacks  and  measured  the  sources  of  internal  resistance 
which  influenced  the  stack  performance  (instantaneous  discharge 
I—V  curve  and  long-term  stable  operation  V—t  curve).  A  quantita¬ 
tive  analysis  on  the  patterns  by  which  the  resistance  of  every 


component  influences  the  stack  performance  was  also  carried  out, 
in  order  to  provide  a  reference  for  the  improvement  of  the  service 
life  for  the  SOFC  stack. 

2.  Experimental  methods 

The  unit  cell  (UC)  used  in  the  experiments  was  an  anode- 
supported  NiO-YSZ/YSZ/LSC  cell.  A  500  pm-thick  anode  of  Ni/YSZ 
was  tape  casted  as  the  supported  substrate,  and  a  10  pm-thick 
active  anode  of  Ni/YSZ  and  a  10  pm- thick  electrolyte  of  YSZ  were 
sprayed  onto  the  supported  substrate  followed  by  sintering  at 
1350  °C  for  3  h.  A  25  pm-thick  cathode  of  50  wt.%  Lao.6Sr0.4Co03 
(LSC)  with  the  GDC  interlayer  was  then  sprayed  on  the  electrolyte 
and  fired  at  1080  °C  for  4  h.  The  cell  size  in  the  stack  was 
10  cm  x  10  cm  with  an  active  area  of  about  63  cm2.  Cells  were 
machined  to  the  required  size  by  laser  cutting.  For  the  complete 
contact  between  the  cell  electrodes  and  the  metal  interconnects,  a 
coating  of  NiO  with  130  pm  thickness  was  screen  printed  on  the  cell 
anode  and  a  coating  of  (Lao.75Sro.25)  o.95Mn03  (LSM)  current¬ 
collecting  layer  of  250  pm-thick  was  screen  printed  on  the  cell 
cathode.  Then,  the  components  prepared  by  the  method 
mentioned  above  were  assembled  into  a  5-cell  stack  according  to 
the  schematic  diagram  shown  in  Fig.  1  [22].  In  the  stack,  430  ferritic 
stainless  steel  and  AI2O3— Si02-CaO-based  glass  were  applied  as 
metal  interconnect  and  sealant,  respectively.  In  order  to  avoid  the 
Cr  element  diffusion  into  the  cell  cathode,  a  kind  of  dual  protective 
layer  was  sprayed  onto  the  cathode  side  of  interconnect,  which  was 
reported  in  our  previous  research  [21,29].  And  the  performance  of 
the  sealing  material  can  also  be  found  in  our  previous  literature 
[33].  The  5-cell  stack  includes  5  pieces  of  SRUs.  A  piece  of  SRU  was 
consisted  of  a  piece  of  UC  and  two  pieces  of  neighboring  in¬ 
terconnects  in  this  work,  as  shown  in  Fig.  2.  The  SRUs  in  the  stack 
were  numbered  1#,  2#,  3#,  4#  and  5#,  respectively. 

After  assembled,  the  stack  was  placed  into  the  heating  furnace. 
The  temperature  was  raised  to  850  °C  at  the  rate  of  1  °C  min-1.  The 
temperature  was  kept  stable  for  4  h  and  then  decreased  to  the 
working  temperature  required  by  the  experiments  for  analysis. 
Before  testing,  a  certain  quantity  of  nitrogen  was  fed  into  the  anode 
for  5  min  and  then  1  L  min-1  (SLM)  of  hydrogen  was  fed.  After 
10  min,  3  SLM  of  air  was  fed  into  the  cathode.  After  2  h  of  reduction 
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Fig.  1.  Schematic  diagram  of  stack  assembling. 
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Fig.  2.  Schematic  diagram  of  voltage  leads  on  various  locations  in  the  SRU  3  #. 

in  the  previously  stated  anode  atmosphere,  the  tests  required  by 
the  experiment  could  be  carried  out.  After  tests,  the  Hitachi  S-4800 
SEM  was  used  in  the  observation  of  the  cell  microstructure. 

During  the  tests,  in  order  to  quantitatively  measure  the  resis¬ 
tance  of  the  components  in  the  SRUs,  the  voltage  leads  were  led 
from  the  components  and  the  SRU  3#  in  the  middle  of  the  stack  was 
selected  as  the  object  of  study  for  the  quantitative  analysis  of  the 
resistance  sources  of  the  components.  The  voltage  leads  on  the  both 
ends  of  each  component  in  the  SRU  are  shown  in  Fig.  2  and  Table  1. 
Fig.  2  and  Table  1  indicated  that  the  voltage  measured  by  the 
voltage  leads  3-7  was  the  voltage  of  the  both  ends  of  SRU  3#;  that 
of  the  leads  5-6  was  the  voltage  of  the  both  ends  of  UC  3#;  that  of 
the  leads  6-7  was  the  voltage  drop  caused  by  the  contact  between 
the  CCCL  and  the  interconnect;  that  of  the  leads  4-5  was  the 
voltage  drop  caused  by  the  contact  between  the  ACCL  and  the 
interconnect;  that  of  the  leads  3-4  was  the  voltage  drop  caused  by 
the  interconnect. 

In  Fig.  2,  the  resistance  of  the  components  in  the  SRU  could  be 
considered  as  a  series  of  connected  resistance  including  a  voltage 
source.  The  analog  circuit  is  shown  in  Fig.  3.  In  this  research,  the 
interconnect  resistance  is  signified  as  R\c  (measured  by  leads  3-4); 
the  sum  of  the  resistance  generated  by  the  contact  between  the 
ACCL  and  the  interconnect  is  abbreviated  as  anodic  CR,  shown  as  Ra 
(measured  by  leads  4-5);  the  internal  resistance  of  the  UC  are 
shown  as  RCeii  (measured  by  leads  5-6);  the  sum  of  the  resistance 
generated  by  the  contact  between  the  CCCL  and  the  interconnect  is 
abbreviated  as  cathodic  CR,  shown  as  Rc  (measured  by  leads  6—7). 
Fig.  3  indicates  that  the  resistance  of  the  components  of  the  stack 
can  be  calculated  using  the  ohmic  equation,  which  was  written  as 
equations  (1)  and  (2): 

Ri  =  Uf/I  (1) 


Fig.  3.  Analog  circuit  of  the  components  in  the  SRU  3#. 


electrodes  on  both  sides  of  the  cell  with  platinum  paste.  The  pro¬ 
cedure  is  shown  in  Fig.  4  [34].  In  order  to  prevent  the  short  circuit 
between  the  leads  on  the  electrode  sides  and  the  interconnects, 
which  results  in  the  test  errors,  the  voltage  leads  on  both  sides  of 
the  cell  electrodes  were  isolated  from  the  interconnects  by  sealing 
materials. 

3.  Results  and  discussion 

3.1.  Quantitative  contribution  of  resistance  sources  to  stack  output 
power  density 

During  the  stack  operation,  3  SLM  of  hydrogen  and  9  SLM  of  air 
were  used  as  the  fuel  and  oxidant  gas.  The  performance  of  the  stack 
and  SRUs  under  different  temperatures  is  shown  in  Figs.  5  and  6.  In 
order  to  clearly  compare  the  performance  of  the  stack  and  the  SRUs 
under  different  temperatures,  the  results  shown  in  Figs.  5  and  6  are 
listed  in  Table  2.  The  data  listed  in  Table  2  indicated  that  under  the 
same  operation  temperature,  the  OCV  and  maximum  output  power 
density  (MOPD)  of  each  SRU  were  close.  The  MOPD  of  SRU  2#  was 
slightly  lower  than  that  of  other  four  SRUs.  The  difference  came 
from  the  fact  that  the  diffusion  polarization  of  SRU  2  #  in  the  stack 
was  larger.  But  the  ohmic  resistance  of  SRU  2#  was  also  close  to  that 
of  other  SRUs.  Therefore,  on  the  premise  that  the  output  perfor¬ 
mance  of  every  SRU  was  similar,  the  SRU  3#  in  the  middle  of  the 
stack  was  selected  as  the  research  object  in  the  discussion  below. 

Fig.  7  is  the  I—V  curve  of  SRU  3#  and  its  corresponding  UC  under 
different  temperatures.  The  resistance  of  SRU  3#  and  UC  3#  under 
different  temperatures  was  obtained  by  linear  fitting  of  I—V  curves. 
The  slopes  of  the  fitted  line  in  Fig.  7a)  under  700  °C,  750  °C  and 
800  °C  were  0.915,  0.717  and  0.492,  respectively.  If  the  slope  of  the 
fitted  line  is  /q,  the  voltage  drop  in  a  certain  current  range  (A//)  is 
A Uu  and  the  resistance  of  component  i  is  Rz,  then,  the  following 
equation  can  be  obtained: 


Keen  =  (Uo  -  U5_6)/I  (2) 

In  the  equation  (1),  Ri  is  the  resistance  of  interconnect,  anodic 
and  cathodic  contact;  Uz  (1/3-4,  U4-5,  U6-7)  is  the  voltage  drop 
caused  by  interconnect,  anodic  and  cathodic  contact,  respectively;  I 
is  the  current.  In  the  equation  (2),  Uo  is  the  open  circuit  voltage 
(OCV),  U5-6  is  the  voltage  of  both  ends  of  UC  3#.  Therefore,  during 
the  stack  operation,  the  corresponding  resistance  of  the  compo¬ 
nents  can  be  calculated  with  the  operation  voltage  between  both 
ends  of  the  stack  components.  Then,  during  the  stack  operation,  the 
quantitative  analysis  can  be  conducted  on  the  stack  degradation 
according  to  the  variation  patterns  of  the  resistance. 

In  Fig.  2,  the  voltage  leads  3,  4,  7  and  8  were  all  welded  to  the 
groove  of  the  corresponding  gas  pathway  of  the  interconnects,  and 
the  voltage  leads  5  and  6  were  welded  to  the  surface  of  the 


Table  1 

Voltage  leads  on  both  ends  of  the  components  of  the  SRU  3#. 


Component 

SRU 

UC 

CCCL  and 

contact 

ACCL  and 

contact 

Interconnect 

Voltage  leads 

3-7 

5-6 

6-7 

4-5 

3-4 

That  is,  the  slope  of  the  fitted  line  is  the  resistance  of  the  SRU. 
The  resistances  of  the  SRU  under  different  temperatures  are  listed 
in  Table  3.  The  results  indicated  that  the  area  specific  resistance 
(ASR)  of  the  SRU  under  700  °C,  750  °C  and  800  °C  was  0.915  Q  cm2, 
0.717  Q  cm2  and  0.492  Q  cm2,  respectively.  With  the  increase  of  the 
working  temperature,  the  ASR  of  the  SRU  decreased  significantly. 
According  to  the  same  fitting  method,  the  fitted  results  of  the  UC 
are  shown  in  Fig.  7b).  The  results  showed  that  the  slopes  of  the  I—V 
curve  of  the  UC  under  700  °C,  750  °C  and  800  °C  were  0.729,  0.556 
and  0.345,  i.e.  the  ASR  of  the  UC  was  0.729  Q  cm2,  0.556  Q  cm2  and 
0.345  Q  cm2,  respectively.  The  results  are  coherent  to  the  findings  in 
the  reference  [35].  With  the  increase  of  the  working  temperature, 
the  ASR  of  the  UC  decreased  significantly.  Accordingly,  it  can  be 
found  that  the  ASR  of  the  UC  accounted  for  79.7%,  77.5%  and  70.1% 
of  that  of  the  SRU  at  the  temperature  of  700  °C,  750  °C  and  800  °C, 
respectively. 

The  cathodic  CR  was  measured  by  the  voltage  leads  6-7,  the 
anodic  CR  by  leads  4-5,  and  the  interconnect  resistance  by  leads  3— 
4.  As  the  ASR  values  of  the  cathodic  contact,  anodic  contact  and 
interconnect  were  small,  the  voltage  at  both  ends  was  small.  Due  to 


308 


LJin  et  al.  /  Journal  of  Power  Sources  253  (2014)  305-314 


Fig.  4.  Schematic  diagram  of  voltage  leads  5  and  6  arranged  on  both  sides  of  UC  3#. 


the  limit  of  the  precision  of  the  apparatus,  the  voltage  was  unable  to 
be  measured  directly  during  the  I—V  curve  discharging.  Therefore, 
the  voltage  between  both  ends  of  the  cathodic  contact  was  ob¬ 
tained  by  the  difference  between  the  voltage  values  of  the  leads  5— 
6  and  leads  5—7,  and  the  voltage  between  both  ends  of  the  anodic 
contact  was  obtained  by  the  difference  between  the  voltage  values 
of  the  leads  5-6  and  leads  4-6. 


U6_7  =  U5_ 6  -  U5_ 7  (4) 


U4-5  =  U5-6  ~  U4-6  (5) 

Fig.  8  is  the  I—V  curves  between  both  ends  of  5—6,  5—7  and  4-6. 
From  Fig.  8a)  and  equation  (4),  the  relationship  between  the  voltage 
difference  at  both  ends  of  5-6  and  5-7,  Us_6  and  Us_7,  and  the 
current  could  be  obtained.  That  is,  the  I—V  curves  between  the 
cathodic  contact  voltage  and  the  current  could  be  obtained,  as 
shown  in  Fig.  9  a).  Similarly,  according  to  equation  (5),  the  I-V 
curves  between  the  anodic  contact  voltage  and  the  current  could  be 
obtained,  as  shown  in  Fig.  9b).  The  curves  under  different  tem¬ 
peratures  in  Fig.  9a)  were  linearly  fitted.  The  slopes  under  700  °C, 
750  °C  and  800  °C  were  0.183,  0.154  and  0.142,  respectively.  The 
curves  under  different  temperatures  in  Fig.  9b)  were  also  linearly 
fitted.  And  the  slopes  under  700  °C,  750  °C  and  800  °C  had  the  same 
value  of  0.006.  With  equation  (3)  and  the  slopes  of  curves  in  Fig.  7a 
and  b,  the  ASR  for  the  cathodic  and  anodic  contact  under  different 
temperatures  could  be  got,  as  listed  in  Table  3.  The  results  indicated 
that  under  700  °C,  750  °C  and  800  °C,  the  cathodic  CRs  of  the  SRU 
were  0.183  Q  cm2, 0.154  Q  cm2  and  0.142  Q  cm2,  and  the  anodic  CRs 
were  0.006  Q  cm2,  0.006  Q  cm2  and  0.006  Q  cm2,  respectively.  The 
cathodic  CR  was  coherent  to  the  results  reported  by  Tapobrata  Dey 
et  al.  [28].  Due  to  the  improvement  of  the  interfacial  contact,  the 
anodic  CR  was  smaller  than  that  reported  in  Ref.  [28].  The  results 
indicated  that  with  the  increase  of  the  working  temperature,  the 
cathodic  CR  of  the  SRU  decreased  significantly,  while  the  anodic  CR 
remained  unchanged.  Accordingly,  it  can  be  deduced  that  the 
cathodic  CRs  accounted  for  20.0%,  21.5%  and  28.9%,  respectively. 
While  the  anodic  CRs  accounted  for  only  0.6%,  0.8%  and  1.2%, 
respectively.  The  total  resistance  of  the  UC,  the  cathodic  contact  and 
the  anodic  contact  was  over  or  less  than  100%  due  to  the  test  errors 
of  the  apparatus.  In  general,  the  UC  in  the  SRU  was  still  the  main 
factor  determining  the  output  power  density,  accounting  for  70.1- 
79.7%.  And  the  cathodic  contact  was  the  second  factor,  generally 
accounting  for  20.0-28.9%.  Obviously,  the  anodic  contact  could  be 
ignored  during  the  instantaneous  I—V  testing.  Therefore,  the  key  to 
further  improvement  of  the  output  power  density  of  the  stack  lies 
in  the  reduction  of  the  internal  resistance  of  the  UC  and  the 


improvement  of  the  cathodic  contact.  Flowever,  the  sources  of  the 
resistance  of  the  UC  need  to  be  further  studied. 

3.2.  Quantitative  contribution  of  resistance  sources  to  stack 
degradation 

Under  700  °C,  2  SLM  of  hydrogen  and  6  SLM  of  air  were  fed  into 
the  anode  and  cathode,  respectively.  Then,  the  stack  was  dis¬ 
charged  at  a  certain  constant  current  under  stable  operation.  The 
variation  voltage  curves  of  the  stack,  SRU  3#  and  its  corresponding 
UC  3#  with  time  are  shown  in  Fig.  10.  Fig.  10a)  indicated  that  when 
the  stack  was  discharged  at  a  constant  current  of  0.33  A  cm-2  (fuel 
utilization  of  about  36.6%),  the  degradation  did  not  take  place 
within  120  h  of  operation.  After  120  h,  the  operation  current  den¬ 
sity  was  raised  to  0.40  A  cm_2(fuel  utilization  of  about  43.5%),  the 
degradation  reached  0.23%/100  h  within  480  h  Fig.  10b)  is  the 
variation  voltage  curve  of  the  SRU  3#  and  its  corresponding  UC  3  # 
with  time.  Fig.  10b)  indicated  that  the  SRU  3#  showed  no  degra¬ 
dation  within  120  h  in  constant  current  discharge  of  0.33  A  cm-2, 
while  the  corresponding  UC  3#  appeared  a  degradation  rate  of 
0.16%/100  h.  Within  480  h,  the  constant  current  discharge  of 
0.40  A  cm-2,  the  degradation  rate  of  the  SRU  3#  reached  0.30%/ 
100  h,  and  that  of  the  corresponding  UC  was  0.28%/100  h.  The 
degradation  of  the  UC  accounted  for  93.3%  of  that  of  the  SRU.  Fig.  10 
indicated  as  well  that  before  and  after  the  discharge,  the  OCV  was 
both  near  1.2  V  and  did  not  change.  The  previous  studies  of 
our  group  revealed  that  the  results  indicated  a  good  sealing  per¬ 
formance  of  the  stack  [21,22].  Therefore,  the  sealing  performance 


Fig.  5.  I-V  curves  of  stack  under  different  temperatures. 
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Current  density/A  cm"2 

Fig.  6.  I-V  curves  of  the  SRUs  under  different  temperatures:  (a)  800  °C,  (b)  750  °C  and 
(c)  700  °C. 

could  not  be  a  cause  of  the  stack  degradation.  During  the  constant 
current  discharge  of  the  stack,  the  ASRs  of  the  UC,  cathodic  contact, 
anodic  contact  and  interconnect  were  measured  and  calculated 
according  to  the  Ohm’s  law  in  equations  (1 )  and  (2).  The  results  are 
shown  in  Fig.  11.  And  the  resistances  of  different  components  in  the 
stack  at  different  moments  were  listed  in  Table  4. 

Fig.  11a)  indicated  that  during  the  constant  current  discharge, 
the  initial  cathodic  CR  reached  0.196  Q  cm2,  and  dropped  to 
0.189  Q  cm2  with  the  increase  of  the  operation  time,  then  remained 
relative  stable  after  190  h.  The  results  indicated  that  during  the 
discharge,  the  contact  between  the  cathode  and  the  interconnect 
was  improved  and  then  remained  stable.  The  results  are  different 
from  that  reported  by  K.  A.  Nielsen  et  al.  [26],  whose  findings  were 


Table  2 

The  OCV  and  MOPD  of  stack  and  SRUs  under  different  temperatures. 


Temperature 

800  °C 

750  °C 

700  °C 

ocv/v 

MOPD  / 

W  cm-2 

ocv/v 

MOPD  / 

W  cm-2 

ocv/v 

MOPD  / 

W  cm-2 

Stack 

5.812 

0.492 

5.942 

0.399 

5.960 

0.327 

SRU  1# 

1.153 

0.449 

1.194 

0.351 

1.197 

0.291 

SRU  2# 

1.171 

0.497 

1.193 

0.406 

1.196 

0.335 

SRU  3# 

1.173 

0.495 

1.192 

0.406 

1.190 

0.332 

SRU  4# 

1.158 

0.496 

1.182 

0.414 

1.187 

0.339 

SRU  5# 

1.158 

0.496 

1.182 

0.414 

1.187 

0.339 

that  the  interfacial  CR  between  the  interconnect  and  the  cathode 
continuously  increased  within  1200  h.  The  reason  could  be  the 
difference  of  the  coatings  of  the  interconnect  or  be  the  increase  of 
the  temperature  inside  the  stack  during  the  constant  current 
operation  [36,37].  During  the  constant  current  discharge,  the 
temperature  inside  the  stack  increased,  causing  the  increase  of  the 
conductivity  of  the  LSM  CCCL  and  the  improvement  of  the  cathodic 
contact,  thus  reducing  the  CR.  However,  when  the  temperature 
inside  the  stack  was  over  800  °C,  the  conductivity  of  the  LSM  did 
not  increase  with  the  increase  of  temperature  [38].  Therefore,  the 
cathodic  CR  showed  that  it  decreased  and  then  remained 
unchanged. 

Fig.  lib)  indicated  that  at  the  constant  current  discharge  of 
0.33  A  cm-2,  the  interconnect  resistance  was  only  0.00058- 
0.001  Q  cm2.  The  ASR  value  was  very  small  in  comparison  with  that 
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Table  3 

ASR  of  the  stack  components  at  the  beginning  and  the  end  of  discharge. 

Temperature/0  C  SRU  3#/Q  cm2  UC3 #/Q  cm2  Cathodic  Anodic 

contact/^  cm2  contact/^  cm2 


700 

0.915 

0.729 

0.183 

0.006 

750 

0.717 

0.556 

0.154 

0.006 

800 

0.492 

0.345 

0.142 

0.006 

of  the  whole  unit  in  the  stack,  which  could  be  neglected.  The 
resistance  of  the  interconnect  remained  unchanged  for  the  whole 
time  during  the  constant  current  operation.  This  result  was 
coherent  with  the  results  reported  in  the  reference  [21  .  Therefore, 
the  interconnect  barely  had  any  influence  on  the  stack  degradation. 
Obviously,  Fig.  lib)  also  showed  that  the  anodic  CR  appeared  a 
logarithmic  increase  with  time  within  600  h.  The  ASR  value  of  the 
anodic  CR  rose  from  0.0048  Q  cm2  to  0.00907  Q  cm2,  by  88.96%. 
Therefore,  with  the  prolongation  of  the  operation  time,  the  anodic 
CR  would  be  a  factor  that  could  not  be  neglected  influencing  the 
stack  degradation. 

The  results  in  Fig.  11c)  indicated  that  the  resistance  of  the  UC  at 
0.33  A  cm-2  constant  current  discharge  was  1.188  Q  cm2  and 
increased  to  1.191  Q  cm2  within  120  h.  When  the  current  rose  to 
0.40  A  cm-2,  the  resistance  of  the  UC  dropped  from  1.191  Q  cm2  to 
1.061  Q  cm2,  and  then  rose  to  1.093  Q  cm2.  During  the  constant 
current  discharge  at  0.40  A  cm-2,  the  resistance  of  the  UC  rose  by 
3.02%.  The  results  in  the  figure  indicated  that  when  the  current  rose 
from  0.33  A  cm-2  to  0.40  A  cm-2,  the  resistance  of  the  UC  dropped 
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due  to  the  rise  of  internal  temperature  inside  the  stack  caused  by 
the  increase  of  the  current,  according  to  our  previous  research  [34]. 
The  results  in  Fig.  11c)  also  indicated  that  the  resistance  of  the  SRU 
was  1.395  Q  cm2  in  the  constant  current  discharge  of  0.33  A  cm-2 
and  dropped  to  1.392  Q  cm2  within  120  h.  When  the  current  rose  to 
0.40  A  cm-2,  the  resistance  of  the  SRU  dropped  from  1.392  Cl  cm2  to 
1.260  Cl  cm2.  The  reduction  of  the  ASR  was  mainly  due  to  the 
decrease  of  the  ASR  of  the  UC  itself.  During  the  following  480  h  of 
constant  current  discharge  at  0.40  A  cm-2,  the  stack  showed 
degradation  and  the  ASR  of  the  SRU  rose  gradually  by  0.025  Q  cm2 
to  1.285  Q  cm2. 

The  results  in  Fig.  11  and  Table  4  indicated  that  when  the  stack 
ran  for  120  h  at  0.33  A  cm'2,  the  resistance  of  the  interconnect  was 
unchanged,  the  anodic  CR  increased  by  0.0015  Cl  cm2,  the  resistance 
of  the  UC  increased  by  0.003  Q  cm2  and  the  cathodic  CR  decreased 
by  0.007  Q  cm2.  Apparently,  the  decrease  amplitude  of  the  cathodic 
CR  was  larger  than  the  sum  of  the  anodic  CR  and  the  resistance  of 
the  UC.  Therefore,  the  resistance  of  the  whole  SRU  decreased, 
resulting  in  no  degradation  of  the  SRU.  When  the  stack  ran  within 
480  h  in  the  constant  current  discharge  of  0.44  A  cm-2,  the  resis¬ 
tance  of  the  interconnect  remained  unchanged,  the  anodic  CR 
increased  by  0.00242  Q  cm2,  the  resistance  of  the  UC  increased  by 
0.032  Q  cm2  and  the  cathodic  CR  decreased  by  0.005  Cl  cm2. 
Apparently,  the  increase  amplitude  of  the  anodic  CR  and  the 
resistance  of  the  UC  were  larger  than  that  of  the  cathodic  CR.  Thus, 


Current  density/A  cm'2 


Fig.  8.  I-V  curves  between  both  ends  of  5-6,  5-7  and  4-6:  (a)  both  ends  of  5-6  and 
5-7  and  (b)  both  ends  of  5-6  and  4-6. 


Fig.  9.  Voltage  drop  of  cathodic  and  anodic  contact  of  the  SRU  3#  under  different 
temperatures:  (a)  cathodic  contact  and  (b)  anodic  contact. 
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Fig.  10.  V-t  curve  of  the  stack,  SRU  and  UC  under  700  °C:  (a)  stack  and  (b)  SRU  3#  and 
UC  3#. 


the  resistance  of  the  whole  SRU  increased,  resulting  in  the  degra¬ 
dation  of  the  SRU. 

Therefore,  it  was  found  that  the  increasing  resistance  of  the  UC 
was  the  main  reason  among  the  factors  that  caused  the  degradation 
of  the  SRU.  The  results  listed  in  Table  4  also  indicated  that  even 
though  the  initial  value  of  the  anodic  CR  was  small,  the  increase 
rate  of  resistance  was  large.  Thus,  it  was  also  a  factor  that  influenced 
the  stack  degradation  and  could  not  be  ignored.  On  the  contrary  to 
the  anodic  contact,  the  cathodic  CR  decreased  and  remained  un¬ 
changed  afterward.  Therefore,  the  cathodic  contact  was  not  the 
main  cause  of  the  stack  degradation. 

Previous  studies  indicated  [21]  that  when  the  cell  cathode  was 
in  poor  contact  with  the  interconnect,  the  cathodic  interfacial 
contact  was  the  main  reason  for  the  stack  degradation.  However, 
the  cathodic  interfacial  CR  of  this  research  always  remained  un¬ 
changed.  Accordingly,  it  was  not  a  factor  of  the  stack  degradation  in 
this  work.  The  phenomenon  could  be  caused  by  the  good  contact  of 
the  interface.  In  this  regard,  the  observation  was  conducted  on  the 
surface  morphology  of  the  CCCL  on  the  UC.  The  results  (shown  in 
Fig.  12)  indicated  that  the  contact  traces  left  by  the  metal  inter¬ 
connect  on  the  CCCL  surface  were  clear  and  even,  showing  good 
and  even  contact  between  the  metal  interconnect  and  the  CCCL. 

The  observation  with  SEM  was  conducted  on  the  ACCL  in  the 
stack,  with  the  results  shown  in  Fig.  13.  After  600  h  of  constant 
current  discharge,  the  Ni  particles  in  the  ACCL  of  the  UC  witnessed 
significant  sintering  and  agglomeration.  The  reference  [39]  indi¬ 
cated  that  the  agglomeration  of  Ni  particles  could  cause  the 


decrease  of  the  conductivity  during  the  stack  operation.  Therefore, 
it  was  speculated  that  the  agglomeration  and  growth  of  the  Ni 
particles  in  the  ACCL  during  the  stack  operation  was  the  main 
reason  for  the  continuous  increase  of  the  anodic  resistance. 

Fig.  14  is  the  SEM  morphology  of  the  cell  cathode  before  and 
after  the  operation.  The  results  indicated  that  the  microstructure  of 
the  active  cathode  of  the  UC  did  not  change  significantly  before  and 
after  the  operation.  Therefore,  it  was  speculated  that  the  increase  of 
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Fig.  11.  ASR  of  the  components  in  the  SRU  3#:  (a)  cathodic  contact;  (b)  anodic  contact 
and  the  interconnect  and  (c)  the  SRU  and  the  UC. 
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Table  4 

ASR  of  components  of  the  SRU  3#  at  different  times. 


Operation  time 

0  h 

120  h— 0.33  A  cm 

2  120  h— 0.40  A  cm' 

2  600  h 

Cathodic  contact/O  cm2 

0.196 

0.189 

0.185 

0.180 

Interconnect/O  cm2 

0.0009  0.0009 

0.000756 

0.000756 

Anodic  contact/O  cm2 

0.0048  0.0063 

0.00665 

0.00907 

UC/O  cm2 

1.188 

1.191 

1.061 

1.093 

SRU/O  cm2 

1.395 

1.392 

1.260 

1.285 

Fig.  12.  Morphology  of  the  CCCL  on  the  UC  after  testing. 


the  cell  resistance  was  scarcely  influenced  by  the  active  cathode. 
The  observations  with  SEM  and  EDS  were  conducted  on  the  sup¬ 
ported  anode  section  before  and  after  the  constant  current 
discharge,  as  shown  in  Fig.  15.  In  comparison  with  the  anode 
microstructure  before  operation,  it  was  found  that  the  Ni  particles 
were  sintered,  agglomerated  and  densified  after  the  operation.  This 
could  be  the  factor  that  caused  the  cell  degradation. 

In  order  to  testify  the  results  above,  the  energy  spectral  analysis 
was  conducted  on  the  anode  before  and  after  the  operation.  The 
results  are  shown  in  Fig.  16.  The  results  indicated  that  the 


distribution  of  Ni  particle  was  even  before  the  operation,  but  grew 
bigger  after  the  operation.  Literature  reported  [39]  that  the 
agglomeration  of  Ni  particles  induced  the  increase  of  the  resistance 
rate.  Further  SEM  analysis  on  the  electrolyte  section  before  and 
after  the  operation  (Fig.  17)  indicated  that  the  electrolyte  section  of 
the  UC  was  intact  before  the  operation,  while  after  discharge  it 
showed  clear  cracks.  This  led  to  the  increase  of  the  cell  resistance 
and  the  cell  degradation.  During  the  discharge,  the  reason  for  the 
crack  formation  of  electrolyte  and  the  sources  of  the  variation  of  the 
electrode  resistance  and  the  electrolyte  resistance  require  further 
studies. 


4.  Conclusion 

Quantitative  investigation  was  conducted  on  the  resistance 
sources  of  the  components  in  the  Ni-YSZ/YSZ/LCF-YSZ  SOFC  stack. 
The  stack  was  assembled  by  using  SUS  430  as  metal  interconnect 
and  Al203-Si02-Ca0-based  glass  as  the  sealing  material.  The  re¬ 
sults  indicated  that  in  the  SRU,  at  the  temperature  of  700  °C,  750  °C 
and  800  °C,  the  ASR  of  the  SRU  was  0.915  Q  cm2,  0.717  Q  cm2  and 
0.492  Q  cm2,  respectively.  The  cell  ASR  was  0.729  Q  cm2, 
0.556  Q  cm2  and  0.345  Q  cm2,  respectively,  accounting  for,  79.7%, 
77.5%  and  70.1%  of  that  of  the  SRU.  The  UC  was  the  main  factor  that 
influenced  the  stack  performance.  Under  the  previously  stated 
temperature,  the  cathode  CR  in  the  SRU  was  0.183  Q  cm2, 
0.154  Q  cm2  and  0.142  Q  cm2,  respectively,  accounting  for  20.0%, 
21.5%  and  28.9%  of  the  total  resistance  of  the  SRU,  which  was  the 
second  factor  that  influenced  the  performance  of  the  stack.  The 
results  indicated  that  the  anode  CR  in  the  SRU  was  0.006  Q  cm2, 
accounting  for  approximately  0.6%,  0.8%  and  1.2%  of  the  whole  unit 
in  the  stack.  The  resistance  of  the  interconnect  was  small  and  could 
be  neglected.  However,  the  results  indicated  that  the  performance 
of  the  SRU  was  influenced  by  the  cell  itself  and  the  cathode  CR, 
accounting  for  70.1-79.7%  and  20.0-28.9%,  respectively.  The  per¬ 
formance  was  basically  irrelevant  with  the  anode  contact  and  the 
interconnect. 

The  constant  current  discharge  revealed  that  the  degradation 
rate  of  the  SRU  and  the  UC  was  0.3%/100  h  and  0.28%/100  h, 
respectively.  The  degradation  rate  of  the  UC  accounted  for  about 
93.3%  of  that  of  the  SRU.  When  the  stack  ran  for  120  h  at 
0.33  A  cnrr2,  the  resistance  of  the  interconnect  did  not  vary,  the 
anodic  CR  increased  by  0.0015  Q  cm2,  the  cell  resistance  increased 
by  0.003  Q  cm2,  and  the  cathodic  CR  decreased  by  0.007  Q  cm2.  The 
decrease  amplitude  of  the  cathodic  CR  was  larger  than  the  sum  of 
that  of  the  increase  of  the  anodic  CR  and  the  cell  resistance. 


<{  Active  anode 


Fig.  13.  Section  morphology  of  the  ACCL  on  the  UC:  (a)  before  discharge  and  (b)  after  discharge. 
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Fig.  14.  SEM  morphology  of  cell  cathode  before  and  after  the  operation:  (a)  before  the  operation  and  (b)  after  the  operation. 


Fig.  15.  Anodic  section:  (a)  before  constant  current  discharge  and  (b)  after  constant  current  discharge. 


Therefore,  at  the  constant  current  discharge  of  0.33  A  cm-2,  the 
resistance  of  the  whole  SRU  decreased,  thus  the  SRU  did  not 
degrade.  When  the  stack  ran  for  480  h  at  the  constant  current 
discharge  of  0.40  A  cm-2,  the  resistance  of  the  interconnect 


remained  unchanged,  the  anodic  CR  increased  by  0.00242  Q  cm2, 
the  cell  resistance  increased  by  0.032  Q  cm2,  and  the  cathodic  CR 
decreased  by  0.005  Q  cm2.  Therefore,  the  increasing  resistance  of 
the  whole  SRU  caused  its  degradation.  Therefore,  the  increase  of  the 


Electron  Image  1  O  Kal  Ni  Kal  Zr  Lai 


Fig.  16.  Anodic  section  EDS  before  and  after  discharge:  (a)  before  discharge  and  (b)  after  discharge. 
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Fig.  17.  Electrolyte  section  SEM  before  and  after  the  discharge  operation:  (a)  before  discharge  and  (b)  after  discharge. 


cell  resistance  itself  was  the  main  reason  for  the  degradation  of  the 
SRU.  In  addition,  the  anodic  CR  was  the  factor  influencing  the  stack 
degradation  that  could  not  be  neglected  due  to  rapid  increasing  for 
long-time  operation.  Different  from  the  anode  contact,  the  cathodic 
CR  decreased  and  then  remained  unchanged.  Therefore,  when  the 
cell  cathode  contacts  the  interconnect  well,  the  cathodic  contact 
was  not  the  cause  of  the  stack  degradation. 
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